We have explored the possibility of measuring small changes of orientation within grains by Electron Backscattering Diffraction (EBSD), in the scanning electron microscope.
angular resolution of conventional EBSD orientation mapping. We also compared our proposed method -measuring the shift of Kikuchi bands in Hough space with the method of measuring the shift of zone axes in image space.
Background:
Detecting the shift of a digital image or certain features in an image in a series of similar images is an important and well-studied topic. This kind of problem is often called image matching, image registering or template matching, which is well known as an ill-conditioned problem, since ambiguous solutions may occur. Among all of the methods, cross correlation (or the cross correlation coefficient) and phase correlation (Foroosh, 2001 ) are conventionally used as criteria.
With the usage of appropriate interpolating schemes, both of them can reach a sub-pixel accuracy.
Cross Correlation Coefficient:
The cross correlation coefficient can be understood as the normalized cross correlation; it can eliminate to some extent the effect of the background and a change of contrast between the reference pattern and the target pattern. The physical meaning of the cross correlation coefficient is quite straightforward, illustrated in figure 1, and its definition can be found in most statistics textbooks.
The cross correlation coefficient ranges from -1 to 1. The larger the value, the better the match.
The cross correlation coefficient can be calculated directly or through a Fourier transform. The former is fast for small sets of data (equation 1), while the latter is more effective when the dataset is large (equation 2). The cross correlation coefficient is defined as: f(i,j) is one image (represented by the solid frame in Figure 1a ) and g(i,j) is the other image
(represented by open rectangle in Figure 1b ). x ,y is the relative displacement of the two images. ) , ( j i f and ) , ( y j x i g − − are the mean values over the solid rectangles in figure 1a ) and figure   1b ). The core idea is that the two images are displaced, step-by-step, with respect to each other.
For each step, r(x,y) is evaluated. The best fit of the patterns occurs when r(x,y) takes its maximum value.
The cross correlation can be shown to be:
F * (u,v) is the conjugate of the Fourier transform of f(i,j), G(u,v) is the Fourier transform of g(i,j) and F -1 {} stands for the inverse Fourier transform. This result is related to the convolution theorem.
With the Fourier transform, if careful attention is paid to normalizing the Fourier transform coefficient, the cross correlation R(x,y) is normalized to match the cross correlation coefficient, r(x,y).
Phase Correlation:
Phase correlation uses the shift property of the Fourier transform; that is a shift in the spatial domain is equivalent to a phase shift in the frequency domain (Foroosh, 2001 ).
Let, f2(x, y) = f1(x-x 0 , y-y 0 ) 3.
The relationship between their Fourier transforms can be written as:
F2(u, v) = F1(u, v) exp(-i (ux 0 + vy 0 )) 4.
Hence, the normalized cross power spectrum is given by
If an inverse Fourier transform is performed on equation 5, the right side becomes a Dirac delta function, δ(x-x 0 , y-y 0 ), centered at (x 0 , y 0 ). So, the shift (x 0 , y 0 ) can be easily determined. The phase correlation method is notably robust to noise and other false effects and provides a distinct, sharp peak at the point of registration, whereas the standard cross correlation yields broad peaks.
However, equation 5 is valid only if the shift (x 0 , y 0 ) is of integer values in the discrete case.
Recent research shows that the phase correlation algorithm can be extended to sub-pixel resolution effectively. Experiments show the accuracy for artificial images using this method can reach 1/20th pixel with no difficulty (Foroosh, 2001 ).
Proposed Method
Nowadays, most commercial EBSD systems use the Hough Transform to detect Kikuchi bands (Kreiger Lassen et al., 1992) . The Hough transform represents a linear feature in image space by a point in Hough space. So, a Kikuchi band in an EBSD pattern is changed to a "Hough peak" in Hough space. As a result, the shift of a band in the image space (x,y) can be related to a corresponding shift in Hough space (ρ,θ). Our aim is to measure the shift of the "Hough peak".
In order to improve the precision of the calculation, we choose not to use any convolution mask.
We also revised the standard Hough transform to eliminate artifacts [9] . A brief illustration of our method is shown in figure 2 . The method consists following steps:
1). Choose a reference point in the specimen and get a good quality EBSD pattern from this point. This pattern works as the reference pattern (figure 3).
2). Blur * this reference pattern using a large radius Gaussian filter and then subtract it from the original pattern and perform a standard Hough transform.
3). Select an appropriate bright peak in the Hough space as shown in figure 4a and figure 4b.
This peak corresponds to one Kikuchi band in the EBSD pattern.
4). Perform a revised Hough transform (no binning, small step size) on the band corresponding to the selected Hough peak only, and save the calculated data of this area as a "template". The revised Hough transform used is one in which the contribution of the image pixels to the Hough-space pixels is weighted according to their distance from the sampling lines (Tao & Eades, to be published).
5). Shift the beam to a different position and get another EBSD pattern, the target pattern.
6). Perform Gaussian de-blur function for this pattern and do a revised Hough transform for the same area as the reference pattern. In this step again, we use our revised Hough transform with no binning of the EBSD pattern and a small sampling step size. 7). Calculate the cross correlation coefficient for these two Hough peaks, (the one from the reference pattern and the one from the target pattern).
8). Using a curve-fitting method to find the best fit to sub-pixel precision. In our experiment, we chose to use a least square fitting to a parabola. 9). Steps 5 to 8 are then repeated for other points on the sample.
*We found that step 2 is not necessary for many EBSD patterns.
Experiments:
The experiments performed can be conveniently divided into two groups. Group a) are trial experiments to test our proposed image processing method. Group b) are the application of this method to map the structure of GaN/Sapphire.
Trial Experiments:
For these experiments, a single silicon wafer sample, assumed defect free, was used. The principle of these experiments is the following: If the point of impact of the incident electron beam on the sample is displaced, the EBSD pattern moves. This is because the position of the Kikuchi lines is given by the projection of the crystal planes from the generation volume to the phosphor screen. If the point of projection is moved, by moving the beam, the Kikuchi lines move with it.
If the magnification of the microscope is calibrated, the shift of the beam is accurately known and hence the displacement of the Kikuchi lines can be predicted. This value is used to check the accuracy of the shift determined directly from the cross-correlation method on the EBSD patterns.
The experiment was done on a FEI XL30 ESEM with a W filament. The accelerating voltage was 20 kV. A TSL OIM EBSD system with a DigiView CCD camera was used for this research. The beam was shifted in steps as shown in figure 5 . At each point, two separate EBSD patterns were captured at different times. All together, we acquired a set of 14 EBSD patterns from 7 points and they were named from Pattern1a to Pattern7b sequentially. Each EBSD pattern has 987×987 pixels and the data capture time was 21.25s/pattern. We wrote a program to do the large radius Gaussian filtering (Young & van Vliet, 1995) Before the experiments were carried out, the integrity of these two programs was verified by using some artificial images. Experiments showed there are no calculation problems with the programs.
Application: After we got positive results from the trial experiments, we applied our shift detection method for Kikuchi bands to map the orientation changes on a GaN/Sapphire structure.
The Sample is GaN, grown on sapphire by the technique of lateral epitaxial growth (LEO). It was grown by Dr. Milan Pophirstic using MOCVD at Emcore Inc and provided to us by Drs.
Slade Cargill and Eva Campo of Lehigh University. A 2 µm thick GaN buffer layer was first grown on the sapphire substrate, and a 100nm thick SiN x mask was planted on the buffer layer, in which patterns of windows were produced by lithographic methods. The GaN layer was then grown in the window regions with lateral overgrowth over adjacent masks. The window stripes are along the [1
−
1 00] direction. The growth temperature was 1000°C, growth pressure was 100
Torr and the growth rate was 1.6µm/hr.
The TSL OIM Data Collection software was also modified for this experiment. With our modification, it is possible to store the EBSD pattern for each pixel. In this way, the same complete data set for a scan could be analyzed after the scan. Then, we selected the first pattern from the dataset as the reference pattern and chose several Kikuchi bands from this reference pattern. The selection process was done in Hough space. We further applied the band shift detection method to every chosen Kikuchi band on each pattern in the dataset. The measured shift value was used to form maps. In theory, the method for the measurement of the shift of Kikuchi bands can be implemented in real time. However, since the EBSD pattern has a relatively low signal to noise ratio, we choose to use a relatively long pattern integration time and to do the analysis offline. A special computer file format (.dan) was defined for the offline mapping process, since the standard image formats lacked flexibility. This map file (.dan) can be tweaked and converted to a .bmp (Bitmap) file using a program DataAnalyzer especially written for this research. The experiments were done on an FEI XL30 ESEM with a Schottkey field emission gun and TSL OIM Data Collection system. The SEM accelerating voltage was 20 kV.
Each EBSD pattern has 484×484 pixels. The step size in the scans was 40nm along the horizontal direction and 60nm down the slope. The beam dwell time was about 0.9 second for each point. Careful attention was paid to minimize the hydrocarbon contamination. The captured dataset includes 91× 72 patterns.
Results and Discussion:

Shift Measurement in Hough space
For the hardware configuration in this research, the CCD chip is lens coupled to the phosphor screen, so the actual CCD pixel size is different from the "effective" one. Our estimation shows the effective pixel size is about 35µ.
Using the procedure described in the previous section, we measured the shift of eight Kikuchi bands, marked by the arrows in figure 6. For each target point, we acquired two EBSD patterns, thus we have two sets of measurement data. For the horizontal points in figure 5, Pattern1a is used as the reference and the results are listed in Table 1 . The largest difference
between the values measured from the two patterns captured at the same point is 0.17 pixels, and the average difference is 0.063 pixels.
In this experiment, each selected "Hough peak", which is used to do the cross correlation, has an angular width (θ) ranging from 10 to 20 degrees. The θ value for the centerline of the Kikuchi band, θ, is listed on the second row in table 1.
Because we could not devise a good way to calibrate the actual pixel size in the EBSD pattern, the shifts were measured only in relative terms by assuming that the correct value was obtained for the largest shift. It was later shown that the value was in good agreement with the estimated pixel size, obtained by measuring the diameter of the phosphor screen. The point is that we can obtain the angular size of one pixel from the pattern calibration, but shifting the beam produces a displacement of the pattern whose size in pixels depends on the (unknown) magnification of the lens coupling from the phosphor screen to the camera.
Approximately, for a horizontal shift of the electron beam, the displacement of the beam (in units of pixels) can be calculated by dividing the shift of the band by cosθ. The measured shift of band 1 and band 8 at point 5 are used to calculate the largest horizontal beam shift.
After the largest beam shift (horizontally) is known, which is 1.38 pixels in this case, we further calculated the shift of the Kikuchi band for each point and compared it with the measured one (averaged over two measurements). The results are listed in Table 2 and figure 7 shows the comparison. The x-axis on this figure stands for the measured shift, while the y-axis is the calculated shift. Every point on the reference line has the same distance to both x and y axes.
This figure shows that the measured shifts are in good agreement with the calibrated value, since nearly all the points are clustered around the reference line. The largest discrepancy is 0.145 pixels and the average discrepancy is 0.06 pixels.
The results of this experiment (Table 1 and figure 7) proved: 1). The measured pixel size (32µ) is quite similar to our estimated effective pixel size(35µ). 2). For the same points, the measurement for the patterns captured at different times shows good consistency and their error is less than 0.1 pixel. 3) Our image processing routine could reach sub-pixel resolution when being used to detect the shift of the Kikuchi bands in an EBSD pattern. Our estimate is that an accuracy up to 0.2 pixels can be reached for most bands, which corresponds to angular difference about 0.02 degree. However, it is difficult to give an absolute value on the detection limit of this method, since the results depend on materials, hardware set up, background elimination and some other factors.
However, the measurement for the vertical shift of the electron beam is not as good as that of horizontal shift of electron beam. Table 3 lists the measurement of the shift of the eight Kikuchi bands marked by arrows on figure 6, for the vertical points in figure 5 . In this measurement, Point 3a is chosen as the reference pattern. The shift of the Kikuchi bands, in units of pixels, is calculated using the shift of the beam, the θ value of the Kikuchi band and the measured effective pixel size (32µ). Table 4 lists the average of the two measurements and the results of calculation. Figure 8 shows the comparison between the measurement and the calculation. It is clear that the errors are relatively large between the measurement and calculation and the measurement is systematically smaller than the calculated values. Possible reasons include:
1) The experiment was done under low magnifications, and the sample is highly tilted. So, a shift of the electron beam along the y scanning direction corresponds to a large value of out of focus. As a result, the diffraction volume for Point 6 is quite a lot larger than that of Point 3 and the Kikuchi bands on the EBSD patterns from Point 6 are relatively blurry and wider than those from Point 3. This could be the main reason for the measurement errors.
2) In some cases we observed that the contamination patch was not rectangular, indicating an error in the angle of the scan. This could also lead to larger errors for the measurement of the vertical shifting than that for the horizontal shifting.
3) The error associated with the inaccuracy of the beam shifting has a larger effect (a factor of 3) on vertical points than horizontal points, since the sample is highly tilted (70°).
For shifting the electron beam both horizontally and vertically, errors could also be introduced by the effect of charging and drift, since a long pattern capture time was used in the experiment.
Shift Measurement in Image space
In this experiment, we also tested the measurement of the shift of the zone axis, using normal EBSD settings (the distance between the sample and phosphor screen is less than 5cm). The chosen zone axis used for shift measurement is marked by a box in figure 6 . The preliminary results showed that neither the cross correlation nor the phase correlation method can detect the shift of the zone axis accurately in most cases. Usually, the shift is invariantly 0 in both x and y directions when no interpolation method is used. A map of the cross correlation coefficient
shows that there is a relatively large peak at exactly (0,0), figure 9. This chart also shows the cross correlation coefficient is relatively low even for the maximum value. i.e. the best fit. So is the phase correlation. This suggests the similarity between the selected areas in the two patterns used for comparison is also low.
After checking the calculation for another experiment, in which the electron beam is shifted several pixels from the reference point, we found that, for the cross correlation coefficient, there is a high peak corresponding to a (0,0) shift and there also exists a second peak which could be related to the shift of the selected area, as shown in figure 10 . The 3-D display of the phase correlation image also showed these two peaks, the higher peak corresponding to the (0,0) shift and a lower and broader second peak corresponding to the shift of the selected zone axis. Figure   11 shows an image formed by the cross correlation coefficient. The brightest point corresponds to the center of the image, which has an offset from the center of the bright blobs.
If the distance between the first peak and the second peak is small, as in the case of figure 9 , the measurement of the shift of the zone axis gives a false answer. On the other hand, even when the first peak and the second peak are separated, the accuracy of the interpolation for the measurement of zone axis could still be affected, since both the cross correlation coefficient and phase correlation are low and the cross correlation and phase correlation dataset is relatively noisy.
We are not sure of the exact reason for the formation of this (0,0) peak. One possible explanation is the residual background. Since the cross correlation coefficient is a "statistical factor", all the pixels in the chosen area are features and their effects are counted. The residual background on the EBSD pattern works as a "feature", and this may cause the high peak at (0,0).
In Wilkinson's research, the distance between the camera and the sample is large and the EBSD pattern covers a small solid angle, so the width of the Kikuchi bands is also large and the chosen zone axis covered more features and less background. He also used very long exposure times to suppress the effect of noise. As a result, the (0,0) peak is not reported in his research. Although he acknowledges seeing such a peak and discarding it as an artifact (private communication).
Our experiment also shows that calculating the cross correlation coefficient directly (without using the Fourier transform) cannot eliminate the center peak. This excludes the possibility that the sharp (0,0) peak is introduced through edge effects in the Fourier transform. Using a Gaussian filter or a high pass filter (Box filter blurred, then subtracted) can not eliminate the zero shift peak either, at least for the experimental setup in our research. However, the mask size of these filters can affect the relative height between the first peak and the second peak.
Comparison of the shift measurement methods
Our results showed that measuring the small shift of Kikuchi bands in Hough space is more advantageous than measuring the shift of the zone axis in image space for normal EBSD. There are several reasons for this: 1). The former method gave a high cross correlation coefficient value and thus the interpolation is more accurate and meaningful. Figure 10 shows the cross correlation coefficient from the calculation of the shift of a zone axis, while Figure 12 shows the cross correlation coefficient from the calculation of the shift of a Kikuchi band. Obviously, the method of detecting the Kikuchi band in Hough space gave a larger cross correlation coefficient value than measuring the shift of the zone axis in image space. For most of our experiments, the largest cross correlation coefficient is less than 0.7 when detecting the shift of the zone axis. In most cases, it is less than 0.5. However, the largest cross correlation coefficient for detecting the shift of the Kikuchi band is larger, in most cases it is larger than 0.9.
2). The Hough transform can be understood as an accumulation process, so the effect of noise is suppressed and the effect of "residual background" is minimized since the cross correlation coefficient is calculated only on the peak of the Hough transform corresponding to the Kikuchi band. Figure 13 shows the intensity distribution along line B-B' for Kikuchi band A in figure 3 . Although this figure does show the general shape of the curve, there is a lot of noise. However, if we measure the intensity distribution of band A in Hough space, the effect of noise is suppressed, as shown in Figure 14. 3). Measuring the shift in Hough space doesn't require any change of the experimental settings, and a much shorter exposure time is needed. Thus mapping is feasible. Besides, the shift of several bands can be measured at the same time when choosing to use the band detection method. By contrast, Wilkinson's work on the detection of the shift of zone axis required moving the EBSD system and long exposure times. Thus the data could be acquired only at selected points and the EBSD patterns covered a very small solid angle, as a result only a few zone axes are useful.
4). Pre-filtering is not necessary for measuring the shift of the Kikuchi bands in Hough
space, while it is necessary for the measurement of the zone axis in image space, according to
Wilkinson. Through skipping this step, we can decrease calculation time noticeably.
Small orientation Mapping
In this experiment, more than 1GB(Giga byte) of data was captured and analyzed. Figure   15 is the first of the batch of the patterns captured for analysis. It has much better quality than the last pattern in the captured batch, figure 16 . The blurriness of figure 16 is caused by hydrocarbon contamination accumulated during the scanning process. Contamination can affect the quality and bring artifacts to the IQ map, to the map of the mean, and to the map of the standard deviation. In order to get rid of the effect of the hydrocarbon contamination, we chose to normalize the generated maps [8] . Figure 17 is a map of the standard deviation of the pattern and figure 18 is a map of the mean of the pattern. Both of these maps show some chevron shapes on the sample, which are missed in the IQ (image quality) map, figure 19 , and secondary electron images.
Figures 20, and 21 are the maps generated using the shift of band A and of band B in figure   15 . For the first tens of rows of the pixels on the maps, the hydrocarbon contamination didn't blur the pattern badly and the pattern has less noise. However, as scanning proceeded, the hydrocarbon contamination accumulated, and the measurement of the shift of the Kikuchi band became less accurate. As a result, the bottom part of the generated maps looks nosier than the upper part. Nevertheless, both maps (figures 20, and 21) show features in this nominal single crystal sample. The features suggest that there could be some orientation fluctuation in this nominally single crystal. There are some regions on this sample, whose orientations are slightly different from each other. However, inside these regions, the orientation is relatively uniform.
Another similar experiment but with a smaller data set (90×32) showed that, more interestingly, the chevron shapes shown on the maps of the mean ( figure 22 ) and standard deviation (figure 23) correspond to the edges of the orientation varying regions on the maps of the shift of Kikuchi bands, figure 24 and 25. The difference between the maximum shift and minimum shift in the shift maps is less than 4 pixels. This corresponds to an orientation difference less than 0.5° degrees. These images suggest that there could be some sub-grain boundaries intersecting the surface of the sample.
Further Suggestions
Measuring the shift of the Kikuchi bands can reach sub-pixel accuracy. This fact can be utilized to do "high precision" orientation mapping. The conventional method of orientation mapping relies on indexing the EBSD pattern and then measuring the absolute orientation of the sample. Inevitably, this method suffers from low precision.
As a complement, we propose a way to do it differently. This method is based on the fact that detecting the relative change of the orientation is more accurate than measuring the absolute value. So, high precision orientation mapping could be done this way: First, perform a conventional orientation mapping (or just map the standard deviation), then choose a reference point from each grain, and measure the relative orientation change of all other points in the same grain from this reference point. The orientation changes can be easily calculated using measured shifts of several Kikuchi bands. Finally, using the orientation index of the reference points and the measured orientation shift for other points, an orientation map, at a higher precision, could be constructed.
Summary
a. In this research, we developed an image processing routine, which enables us to measure the shift of Kikuchi bands to sub-pixel precision. This routine is done in Hough space. It is fast, accurate and convenient.
b. We also compared the measurement of shifts of Kikuchi bands with the measurement of shifts of zone axes. Analysis shows that detecting the shift of the Kikuchi bands in Hough space has advantages over detecting the shift of zone axes in image space, at least for normal EBSD settings.
c. The proposed image processing routine can be used for practical mapping. This method has been applied to mapping small changes in orientations in a GaN/Sapphire structure.
d. We also suggest a method to do a high-precision orientation mapping, based on this image processing routine. pattern with respect to the reference pattern, for the case of a zone axis in image space, when the shift of the zone axis is larger than that of figure 9 , the (0,0) peak is higher than the peak sought. Figure 11 . Map of the cross correlation coefficient for detecting the shift of a zone axis. The very small, very bright, point in this figure corresponds to the (0,0) peak, which is different from the center of the broad blob, which corresponds to the pattern shift. 
Do the operations of Step 1 and
Step 4 on the target pattern (The area selected in Step 3 will be used for the target pattern also).
Calculate the Cross Correlation Coefficient between the reference pattern and target pattern (Figure 4 ).
Use an appropriate curve fitting method to find the shift of the Kikuchi band to sub-pixel resolution. (Figure 4a ). Even here the corresponding EBSD pattern is binned. In the program, the cross correlation coefficient is calculated using uncompressed images. Figure 9 . Plot of the cross correlation coefficient as a function of displacement (in x and y) of the target pattern with respect to the reference pattern, for the case of a zone axis in image space, when the shift of the zone axis is small When measuring the shift of a zone axis, the peak at (0,0) can introduce error. Similar results were obtained from the major zone axis in Figure 6 . Figure 10 . Plot of the cross correlation coefficient as a function of displacement of the target pattern with respect to the reference pattern, for the case of a zone axis in image space, when the shift of the zone axis is larger than that of figure 9 , the (0,0) peak is higher than the peak sought. Figure 11 . Map of the cross correlation coefficient for detecting the shift of a zone axis. The very small, very bright, point in this figure corresponds to the (0,0) peak, which is different from the center of the broad blob, which corresponds to the pattern shift. All the Units are in pixels. From point 1 to point 5, the beam shift distance is about 44µ, which corresponds to 1.38 pixels according to our measurement. So the effective pixel size is about 32µ. 
